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Two energy scales and slow crossover in YbA13 

(Dated: J ~ l y  31, 2001) 
Experiiiienttal results for tlie susceptibility, specific heat, 4E occupation number, Hall effect 

axid rriagiietoresist,a,iic~! for siiigle cryst,als of YbA13 s11ow that, iii addition to the Kondo energy 
scale ~ B T I ~  - 670Ii, there is n low tcmperature scale Tc0il < 5OI< for the onset of' coherence. 
Furtl-iermore the crcissover from the low temperature Fermi liquid regime to tlie high temperature 
lociil rrioineut regime is slower thail predicted by the Andersoii impurity model. These effects 
may reflect tlie hehiivior of the Aridersoii Lattice in t,li(? limit of low coiiductiou electmri density. 

P A C 3  iiurribers: 75.30.hiIb 75.20.I-h 71.27.+a. 71.28,+d 6l.lO.Ht, 

The low t,ernpera.ture t,raiisport, 1)eliavior of peri- 
odic int,ermediat,e va.lent, (IV) a.nd lieavy fcmiioii (HF) 
compounds[ 13 is fuiicla~liiel-lt,ally diflerent, from that  ex- 
pected for tlie Anclerson inipurity model (,4IM) , iii that  
it iiianifc:st,s vanishing resistivit,y (l3loc:li's law) a.nd iiii op- 
tical coiicluct,ivii;y[2] appropriate for renoridized 1)aiid 
beha.vior. Siniilarly, the 4f c:lc!c:t,i~oiis 1ia.ve a. c;oliereiitf ef- 
fect 011 the Feriiii surfim, a,s 
(clHv A) rneasurc-!rneiit,s[3]. 1-1 
peiideiice of the susccI!ptil)ilit,y, specific 1iea.t aiid 4f oc- 
cupation iiuniber and ttlie eiiergy tlepenclence of the tly- 
iia.inic suscept,ibilit,y show belia.vior t1ia.t is qualii 
very siiiiilar to  the preclictions of the AI1\/1[4, 51. Esseii- 
tially this is beca.use t,liese ]xopert,ies are c1oiiiiiia.te.d by 
spin/valence fluctua.tioiis that, are highly local aiid which 
exhibit a. Loreiitzian power specttuin[G] coiisist,eiit, with 
talle AIM. 

Neverthless, recent, t,lieoretical st,uclies[7, S] of the An- 
derson 1a.ttice (AL) in the Koiido limit suggest that  these 
la,tter properties can differ in at least two ways from the 
predictioiis of the AIM I First, as the ba~ckground coiiduc- 
tiou electron densitty YL,. decreases, the theory predict,s[S] 
a new low tempera.ture scale T,.,/, for the onset, of Fermi 
liquid coherence, where T',,,, is sigiiific;a,iitly smaller thaii 
the. high teiiipera.t,ure Kontlo scale TI;. For T < TcoIL 
peaks in a,ddition to tliose expected on tlie high teinper- 
ature scale TI; are predicted for tlie susceptibility and 
specific heat,. Second, as rile d Ises t,lie c:rossover from 
low teiiipera,t,ure Fer.nii liquicl belia.vior f,o high teiuper- 
a tme  1oc:il inoineiit, l)elia,vior bec.:oiries slo\ver (i.e. 1110rc 
gra.tliia1) thaii predictd for t,hcr AIM['i]. 

R.ecent,ly we liaw given evitleiice[5] for a slow C ~ O S S O V B ~  

of the susceptibility arid 4f occupation iiurnber in the IV 
coiiipouiids YbXCuii (X= Ag, Cd, hag, T1, Zii). Iii this 
paper. we give evidence both for a slow crossover o,nd for 
tsvo energy scales in the IV compound YbAl3. We show 
t1ia.t l>ot,ki e ~ e c t s  a.re observed not, oii~y for ilie susceptibil- 
ity but, also for the specific 1iea.t. M7e show that tlie mag- 
iici!t,ot,ra.iisport gives clear evideiice for a. change in cliar- 
x t e r  on tlie low t,eiiiperat,ure scale aiid also suggests that, 
t,lie concluct,ioii electron density is low (nc N 0.5/nton~) .  

The sa,niples were siiigle crystals of YbAl3 and LuA13 
grown by the "self-fiux" method in excess Al. Tlie qual- 
ity of such sa~inples, a.s iiieasi.irec1 by the resista.nce ratio 
(R(300I<)/R(2K) N G O )  is sufficiently liigli tliat, dHvA 
signals a,re well-resolvecl[9]. The snsceptibility was niea- 
sured using a SQUID magnetometer and the specific, heat 
was measured via a rela,sation tedinique. The Hall coeffi- 
cient, was inea,surecl in a imgiietic field of 1T using an a,.c.. 
resistance bridge. Tlie iiiagiiet,oresistaiice wa,s measured 
a,t, the  Los Ala,mos Pulsed Field Facility of the National 
High hllagnetic Field La,boratory using a. 20T supercon- 
ducting rmgnet aiid an  a x .  bridge. The 4f occupatioii 
iiurnber v/,,f (T) wa,s clet,erniiiied from tlie Y l n  L3 x-ray aln- 
sorption iiear-edge stmxture, measured at, the Stanford 
Synclirotron R.adia,tioa Labora,tmy (SSRL) 011 beam line 
4-3; the tecliiiique for estmctiiig r a f  from tlie data. and 
ot,lier expei:iinent,al details were siiiiilar to  tliose dist:ussed 

lier [IO]. We iiot4e here thi1.t tile Lu L3 1iea.r-edge struc- 
tare nieiLsurec1 for LuA1:j was used a standa.rc1. 

In Fig. 1 we plot t,lie susceptibility x ( T )  a.nd the lin- 
ear coefficieilt, of the 4f specific: liea.t, wliere ym = C,,,, /T 

t,c-!iiiper".t,u~es, C = yT + /!T2 with y = 4i~i3/mol-I<~ 
:\,lit1 C,,,,, = C(YbA13) - C(LUA13). (For LuA13 at, low 
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FIG. 1: (a) The ~na.gnetic susce.pl;ibilit8y x ( T )  aiid (1.)) tlie 
magnetic contribution to tlie specific lmit coefficient. C,,, / T  
for YbA13. The insets exhibit; tlie low teiiipcratiire belia~ior; 
a sinilll Curie tail lias been su1,tractecl froiu tlic data iii tlie 
inset for x(T). 

a.nd /3 ~1. l5xlO-*J /mol- I i4 ,  wliicli implies a Debye teiii- 
pera,t,ure On = 257K.) Tlie bro;i.d peaks near lO0IC axe 
typical of Yb IV coinpounds with TI; N 500I<. 111 adcli- 
tion, there is a peak at 15Ii in the susceptibilit,)i (first 
reported by Heiss et al.[11]) arid tlie specific, h 
ficieiit, displays mi upturn below 2SI< which sa.tui.ates a i  
T = 0. These additional features are tlie basic evideiice 
for tlie exist,eiice of a low t,eiiiperature scale, Tc0lL 2 50K 
below which there is a significant, change in the belia,vior 
of the compound. 

Evicleiice for this change of cliaracter can also be seen 
in the ma.gnetotransport (Fig. 2). Tlie Hall coefficient of' 
LuA13 is typical of a metal, being constait aiid of ;% mag- 
nitude. t,liat in a one-band niodel implies a. carrier density 
,nc = l/cRIf = 2 e - / f . u . .  The liigli teinpemt,ure Hall co- 
efficient of \%A13 varies with tcnnpersture in a rnaiiiier 
suggestive of scat,t,ering froin Yb inoiiients (although the 
data cannot, be fit well with the standard slcew scst#tcririg 
foriiiula[l2]). Near 5OI< the deiivat,ive d R ~ l d T  of tlie 
Hall coefficient changes sign. Siiiiilar a.iioiiialies in the 
low temperature Hall coefficieiit, have tieeii ol~served in a 
iiuinber of Ce conipouiicls aiid lia,ve l.>eeii a.t,txibuted to the 
onset of col.iereiice[l2]. Tlie iiiagiiet,oresist,a.iice (Fig. 21~) 

iiiaet,) fo'ollows a. B2 law above 5OIC and the ina.gnit,ude is 
approxiina,tely tlie same for field parallel aiid transverse 
to  the current. Below 50K, the magnetoresistance be- 
coines inore nearly linean. and the transverse magnetore- 
sistaiice becoines substaiit,ially la.rger (ARIR N 0.75) 
t1ia.n the parallel iiia,gnet~oresist,ance (A.R/R N 0.35) 
at 2Ii. In Fig. 21s we plot AR/R  versus BQ where 
' 1 9 ~  = R( 150K)/f i(T); this t m s  Kohler's rule, Le. that, 
a,t aay  teiiiperature AR/R  = A ~ ( B T ~ )  depeiids only 011 

the product. Bro . Tlie da.t,a. violate this rule essentially 
because A varies with T, increasing by a. fa,ct,or of al- 
most 1 ,5  betweeii 40 a,iid SOK; this crossover is seen most 
clearly in tlie data  measured as a fiiiictioii of temperature 
at a. fixed field 17.5T. Tliese Inagiietotraiisport anomalies 
suggest tl-ia,t, the a,nomalies in x a.iid C/T 1na.y be a.sso- 
ciaited with aii alterat,ioii of the Fermi surface. The fact 
that  tlie resistivity follows a T' law below 301<[9] sug- 
gests t1ia.t the anomalies asre also coiiaected with the full 
establishment of Fermi liquid coherence. 

To demonstrate. that the crossover from Fermi liq- 
uid behavior t,o local niomeiit behavior is slower than 
predicted by the AIM we coinpa.re the experimental 
data  to  the .4IM result, that, follows from the inea- 
surecl grouiid state values of tlie susceptibility and 4f 
occi.q)&,iou riuiiiber[5, 73. For fixed spin-orbit splitting 
(Aao = 1.3eV)) the tlieoretical results calculated in t h e  
iioii-cyossiiig approxiiiia.tion (NCA) depend on three pa.- 
ra.iiieters: the f-level position E,f , tlie hybridization 11 
between the 4f a,nd tlie conrluctkii electroiis, slid the 
widt,li VI/' of the concluct,ion l)aacl, a.ssumed Ganssia.11 

/ f iW. Siiice oiily states withiii ~ R T I C  - / 1,112 N ( E )  = e 
of t,lie Fernii eiiergy contribute significantly t,o the results, 
we a.lgue that use of a. Ga.u .ii bandshape is a.cceptable 
a,s long as tlie rleiisit,y of states art8 the Fermi energy is 
dost?ii apl)rol)ria.t,ely. We clioose I T  to  give the same 
specific 1iea.t coefficient, t1ia.t we observe in LuA13 (y = 
4in,J/i~iol-Ii2)). Orice is fixed, tlie values of E,f and V 
tha,t yield tlie appropriate 7 ~ , f ( O )  and ~(0) can be deter- 
iniiied uiiiquely, The values of tlie parariieters are given 
in Fig.3; TI; is deteriniiied froin the formula 

which includes the effect of spin orbit splittiiig but ig- 
nores crystal field splitting siiice for IV coinpounds TI; 

>>?',I. It, is cleaa from Fig. 3 t1ia.t tlie susceptibility, 4f 
occupa.tion number a.nd 4f entropy S,,,, = clT C,,,,/T all 
y/ralrtaiiuelyl follow tlie predictioiis of the AIM. Tlie cxl- 
ciilated coefficient of specific heat (y = 47.8rnJ/mol-I<') 
is witliiii 20% of the mea.sured value (Y,,~ = 40,65inJ/niol- 
I<?). Indeed the cla.t,a even a,re in a,cc,ord with the pre- 
diction t,ha.t, the eiitmpy s,,, (2") approa.ches tlie high tem- 
perature limit, faster tliari the eff'ective iriorneiit T x / C j  
whicli iii turn evolves inore rapidly than 77.f ( T )  (see Fig. 
3 ) .  Nevert~lieless, i t  is a.lso clear t,lia.tt tlie experiineii- 
tal da.t,a. fcx tliese yuaiitities approa.cli the high temper- 
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FIG. 2: a) The Hall cmfficieili, of' YbAlz (closed circlcs) aiid 
LiiAly (open circles) versus temperature. For LiiAlS a typical 
error bar is shown; for YbAl:3 t,he error is sindler tliaii t,he size 
of the syl~lbols. 11) Iiiset: The trmisverse inagnetm 
AR/R,  = R(H,T) - h!(O,T) versns iiiagiietic: field for four 
t,eiiqxra.tures. hlaiii panel: The idative rnagiiet,oresiAta,iilIce 
AR/R, versus BTO where 1'0 = R(150K/R,(?')). 

ature limit considerably inore slowly t,haii prec1ic;ted by 
the AIM theory. 

Thus we have deinoiistra.tec1 the existence of a iiew 
low t,einperat,.ture scale for Ybhl:j and we have sliown 
that tlie crossover to local mo.meiit3 beha.vior is slower 
than expected basc-ld oil tlie Anderson Impurity Model. 
In the theory of t,he Anderson lattice, such results acre 
espect,ecl[7, 81 a,s tlie conduction electron deiisity de- 
creases from the value n, = l. appropriate t,o a lialf- 
filled ba,iicl when i%,f = 1. In 0111: earlier ~7orb[5] on 
YbSCud we assuiried tAat t,he 1~a.clcgrouiicI band in tlie 
Y b  coinpouncl is the sa.xne as the rneasiired lmid in tlie 
correspontliiig Lu compouncl. I,"siiig a oiie-lmirl i'orinula 
' r i ,  = l/eRI,(LuSCu.l) we founcl that  the slow crossover 
emerged when tlie numlier of el 1'0115 per at0111 (the 
nuiiiber per foririula i.iiiit, divided by the iiuiiiber of atoms 

in the formula uiiit) clecreased below: the value unity. 
St,rong deviatioiis occxrred alrea,dy for YbhdgCud where 
7 b c  - 0.5/atoni. Using the same approximations for 
YbA13, we deduce from the Hall coefficient ofLuAI3 (Fig. 
2a,) t1ia.t 11, - 0.5/a,teoin. Heiice, while the conduction 
electroii density is not, low for YbA13, it is (in this ap- 
prosiiiia.tion) as low 8s in other c.oiiipounds where stroiig 
deviatioiis frorn the AIM are observed. 

W7e believe tha.t, such effects are generic t o  IV coin- 
pouiitls. A iiimil.)er of yea,rs ago we ga.ve evidence[l3] 
for a siridl coliereiice scale in the IV coinpound CeP& 
lxsed on a, low t,eiiipera.ture peal; in the susceptibil- 
i t y  aiid the estreine seIisitivity of the t,ransport beliav- 
ior to Moiitlo hole impurities below 5OK. A low tem- 
perature anoinal~i in the Hall coefficient, also lias been 
observed for this compouiid[l2]. Optical conductivity 
mea~surernents[2, 14, 151 showed both t1ia.t the temper- 
ature scale for these effects is tlie same as for the reiior- 
inalization of the eflective rrii1.s~ aiid tlie onset of the hy- 
bridizatioii ga,p aiid t h t  the coiiduct,ioii electron density 
of CePd;3 is less tliaii 0.1 carrierlatorn. Heiice the aiioina.- 
lies a.1ipea.r to  be associatd both with the onset of the 
fully reiioriiialized coherent ground state aiid with low 
coiicluctLion electron density. Measureinelit, of the infrared 
optical coiiductivit,y is clearly a key future experiment, for 

Neutron sca.ttering ineasurenients 011 polycrystals 
of \%A13 [ l G ]  iriclicate that  in addition to t,he usual 
Loreiitzian excitation cxiitered at Eo = 40meV, corre- 
sponding to  the high teii iperatue Iioiido scale (for the 

of Fig. 3 the AIM predicts Eo = 39.GnieV), 
a. new escit,a.t,ioii cmtered at 301~leY arises h?low Sol<. 
Preliiiiiiiary results[I.'?] in single cryst,als also exhibit, this 
escitation. Ho~:evei~, the sca.tt,eriiig does not exhibit, the 

d tlecrea.se with increa.sing I& = q + GI (where G 
is a. reciproci.i.l.l lattice vector) for Yb 4f scat,t;ering, which 
slio~ild follow the Yb 4f form fa.ctor. Iiideed the scatter- 
iiig appears t,o lie inclepeiident of G. Further work iieeds 
to  a.ddress this issue. 

The tJieoretica.1 work oii tlie Anderson lattice which 
predicts slow crossover and a 10x7 t,emperature coher- 
ence scale was iiiotivated by tlie desire to understmd 
"Nozikres' exhaustion". This concept wa.s raised[ 181 to 
t r y  to underst,antl how the coilduction electrons could 
screen tlie 4 f  spins when tlie number of conduction elec- 
trons ' 11 ,  is smaller t,han t,be nuinher '11p of 4 f ' s  in the 1a.t- 
tice. Tlic theoretical work t o  da.t,e lias all been perforinecl 
in the Koiido limit. We 1ia.ve examined the extmsioii of' 
tlie slave Imson ~iieaii field theory for tlie Anderson lat- 
tice t,o tlie c m e  r r f  < 1 a.nd 7 1 , ,  < 1 relevant, to YbA13, 
where n,,f is the numlier of holes in the ( 2 J  + 1) fold de- 
generate f level. Following Millis aiid Lee[l9], we define 
tlie Koiiclo t,eniperat,ure k ; ~  Ts; a.s the energy of tlie reiior- 
malizetl f level rela.tive t,o tlie Fermi-energy. The coher- 
eiice sc& is deiinetl a s  the renormalized (cluasiparticle) 
T = 0 I~a,ndwiclt,li wliicli for a liackglound coiiduct,iori 

YbA13. 
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FIG. 3: (a) Tlie 4f eiiiimpy S,,, , (1.)) the susceptibility x ( T )  
(solid symbols) a i d  t,lie effective i r t o i ip t  T x / C j  (opelt syul- 
bok) where CJ is tlie J = 7 / 2  Ciirie c:oiist,ant aiid (c) the 4f 
occup;Lt,ioii nuiiiber */i,j (T)  for. YliA13. The syinliols are t,lie 
experiiiientcd data aiirl  fJie solid lilies are tlie 1mxlictious of 
tlie Aiiclerson Iiripuiit,)~ h4odel (AIM), with inpiit, parsaioetters 
given in the figure. 

baiici density of st,ai;es p is given I I ~  I ; : B T ~ ~ ~ , ,  = p P  wliere 
V is t,he renormalizetl 1iylxidizatioii V = ,/i--Y\.fr/'. 
In t,he limit (p i i ) '  <,< ,?,,.r?,j./(2J + 1)' we find t1ia.t 
TcOjL/T1< = n f / ( 2 5  + 1) iii~lcpendent~ of' 'nc. For \%A13 
this means t h t ,  TcUIL should be a n  aider of rtiagiiitude 
smaller tlian Ti( , in qudita.tive agreement with the data. 

In any ca,se we assert, t1ia.t the two exiergy scales and 
slow crossovc!r predicted by the theory are features of 
our data, that  these eff'ect,s show soine correlation with a 
stanclard measure of tlie conduction electron density and 
that, they nla.y be generic for I\/ coinpounds. 
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